To evaluate the contribution of non-synonymous-coding variants of known familial and genome-wide association studies (GWAS)-linked genes for Parkinson's disease (PD) to PD risk in the East Asian population, we sequenced all the coding exons of 39 PD-related disease genes and evaluated the accumulation of rare nonsynonymous-coding variants in 375 early-onset PD cases and 399 controls. We also genotyped 782 nonsynonymous-coding variants of these genes in 710 late-onset PD cases and 9046 population controls. Significant enrichment of LRRK2 variants was observed in both early-and late-onset PD (odds ratio 5 1.58; 95% confidence interval 5 1.29 -1.93; P 5 8.05 3 10 26 ). Moderate enrichment was also observed in FGF20, MCCC1, GBA and ITGA8. Half of the rare variants anticipated to cause loss of function of these genes were present in healthy controls. Overall, non-synonymous-coding variants of known familial and GWAS-linked genes appear to make a limited contribution to PD risk, suggesting that clinical sequencing of these genes will provide limited information for risk prediction and molecular diagnosis.
INTRODUCTION
All the protein-coding sequences of the genome, referred to as the 'exome', make up only 1 -2% of the human genome, but are hypothesized to be enriched for genetic variants that have a direct impact on the functions of encoded proteins and therefore to have larger effects on disease susceptibility compared with the common, non-coding variants identified by genome-wide association studies (GWAS). There is emerging interest in using next-generation sequencing for the identification and evaluation † These senior authors contributed equally to this work. * To whom correspondence should be addressed at: Human Genetics, Genome Institute of Singapore, A * STAR, 60 Biopolis Street, Genome #02-01, Singapore 138672. Tel: +65 6808 8088; Fax: +65 6808 8291; Email: liuj3@gis.a-star.edu.sg of genes with non-synonymous variants that may provide informative risk prediction and molecular diagnosis in a clinical setting (1) , such as BRCA1 in breast and ovarian cancer risk and APOE in Alzheimer's disease.
Recent sequencing studies have demonstrated the influence of rare non-synonymous-coding variants on complex, late-onset disease risk in the general population (2, 3) . In addition to singlevariant association tests on common and low-frequency variants, gene-based 'mutation load' or burden tests are often useful in identifying genes enriched for rare coding variants or functionally impaired variants in disease cases compared with controls (2) . These genes may represent excellent biologic candidates for functional follow-up. An evaluation of 'mutation load' of rare non-synonymous-coding variants identified by resequencing of six candidate genes for Alzheimer's disease led to the confirmation of TREM2 as a risk gene, with the association mostly driven by the rare variant Arg42His (3) .
Genetic studies conducted over the years have led to the discovery of numerous pathogenic genes with high-penetrance mutations by family-based linkage studies and susceptibility genes with low-penetrance risk variants by population-based GWAS in Parkinson's disease [PD (OMIM:168600)] (4 -15). GWAS-linked single nucleotide polymorphisms (SNPs) are widely believed to tag non-coding regulatory variants (16, 17) . However, a systematic fine-mapping study has not been done to exclude the potential contribution of coding variants to the association signals detected by GWAS that may occur through direct tagging or synthetic associations with common or lowfrequency non-synonymous-coding variants. Moreover, we do not know if non-synonymous-coding variants of genes detected by GWAS may also play additional independent pathophysiologic roles in PD beyond the contribution of non-coding regulatory risk variants of these genes, especially the rare ones that are poorly tagged on genome-wide SNP arrays. Except for a few well-established pathogenic mutations, the overall contribution of non-synonymous-coding variants in familial and GWASlinked genes to PD risk has yet to be evaluated and reported.
To address these gaps in knowledge, we conducted the first study to test the above hypotheses in PD by comprehensively examining non-synonymous-coding variants (including splicesite, non-sense and frameshift variants) in 39 familial and GWAS-linked PD genes in over 10 000 East Asian subjects.
RESULTS
We first sequenced all the coding exons of 39 PD-related disease genes in 375 subjects with early-onset PD (,55 years) and 399 ethnicity-matched controls. A total of 814 coding variants were identified, of which 479 were non-synonymous ones (including 7 splice-site variants and 26 indels). We conducted single-variant association tests on the 36 common non-synonymous variants with minor allele frequencies (MAF) .5%. None of these showed evidence of association with PD (Supplementary Material, Table S1 ), although we note that the current sample size was powered to detect common variants (MAF 5-50%) of effect sizes with odds ratios (ORs) much larger than 1.5 (18) . We then evaluated the accumulation of 443 rare (MAF ,1%) or lowfrequency (MAF 1-5%) non-synonymous-coding variants in each gene in the cases and controls. (20) . We obtained similar P-values to the Fisher's exact test on rare and low-frequency variants in both Chinese and Koreans (Supplementary Material, Table S2b ).
We then evaluated the enrichment of rare or low-frequency (MAF ,5%) non-synonymous-coding variants of all the familial PD genes together as a single group in the early-onset PD patients and controls. Early-onset PD patients were significantly more likely to carry at least one (OR ¼ 1.39; 95% CI ¼ 1.04-1.86; P ¼ 0.028) or at least two (OR ¼ 2.65; 95% CI ¼ 1.45-4.83; P ¼ 9.43 × 10
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) variants in the familial PD genes compared with the controls. The majority of these carriers carried at least one LRRK2 mutation, and the enrichment was no longer statistically significant after excluding LRRK2 from the analysis (Supplementary Material, Table S3a ). In the grouped analysis of rare non-synonymous-coding variants of the 33 GWAS-linked genes together, we also observed an excess of early-onset PD patients carrying one or more variants (OR ¼ 1.58; 95% CI ¼ 1.16-2.14; P ¼ 3.31 × 10 23 ), two or more variants (OR ¼ 1.38; 95% CI ¼ 1.02-1.87; P ¼ 0.039) or three or more variants (OR ¼ 2.17 ; 95% CI ¼ 1.37-3.44; P ¼ 8.20 × 10
) compared with controls. The enrichment remained marginally significant after excluding LRRK2 from the analysis (Supplementary Material, Table S3a ), suggesting that a subset of these variants among this large group of genes may also influence PD risk. However, the larger selection of GWAS-linked genes and the larger number of variants or carriers analyzed may have influenced the statistics, and may also increase the background signal through the inclusion of variants from genes with no effect on PD. Given this potential bias and the borderline significant P-values, the results must be interpreted with caution and studies in much larger samples will be required to validate this observation. Finally, similar observations were made when analyzing only rare non-synonymouscoding variants with MAF ,1% in the controls or those predicted to be damaging by in silico functional prediction tools in these groups of genes (Supplementary Material, Table S3b ).
In addition to the sequencing analysis of the 39 PD disease genes in the early-onset PD samples, we also analyzed the nonsynonymous-coding variants of the same 39 genes in the late-onset samples by genotyping a total of 782 non-synonymous-coding variants in 710 late-onset (.55 years) PD patients and 9046 population controls. These include 45.4% of all the missense variants and 85% of the common and low-frequency variants identified by the sequencing analysis in the early-onset samples. Two hundred and ninety-four variants (of 782 genotyped) were polymorphic and passed quality control filtering, of which 35 were common (MAF .5%) or low-frequency (MAF 1 -5%) and 259 were rare (MAF ,1%). We first tested each single variant with MAF .1% for association with PD (Supplementary Material, Table S4 ). None of the 35 variants reached statistical significance after correcting for multiple testing (a ¼ 0.0014), although moderate enrichment was observed at LRRK2 Gly2385Arg (OR ¼ 1.48; 95% CI ¼ 1.08-2.01; P ¼ 0.016), consistent with previous reports (4). In the gene-based analysis comparing the number of carriers of rare or low-frequency (MAF ,5%) non-synonymous-coding variants among cases and controls within each gene, evidence of enrichment was observed only at Table S5 ), although this did not remain significant after Bonferroni correction for multiple testing (a corrected ¼ 0.001). Furthermore, we did not see any evidence for the overall enrichment of non-synonymous-coding variants for either familial or GWAS-linked genes together as a single group in the late-onset samples. Similar results were obtained using the SKAT-O test (Supplementary Material, Table S5) (20) .
Next, we evaluated the enrichment of non-synonymouscoding variants in the combined early-onset and late-onset PD samples. As expected, LRRK2 showed significant enrichment (OR ¼ 1.58; 95% CI ¼ 1. Finally, we evaluated the distribution of coding variants most likely to cause loss of function of the encoded protein, namely non-sense, predicted splice-site (2 bp flanking exon -intron junctions) and frameshift-causing insertions and deletions, in the early-and late-onset sample collections and healthy controls. We identified a total of 36 loss-of-function mutations in 22 genes within our dataset, including those affecting autosomal dominant PD genes such as LRRK2 and GBA, autosomal recessive PD genes such as PINK1, PARK7 and ATP13A2, and GWAS-linked genes such as GPNMB (Supplementary Material, Table S6 ). All were rare or present at low frequencies (one with MAF 2%, others ,1%) and half (18 of 36) were present in healthy controls. None of the cases or controls carried two or more of such variants within the familial genes as a group, while only two early-onset cases (one SLC2A13 homozygote and one LRRK2/ACMSD transheterozygote), one late-onset case (GAK homozygote) and eight controls (ACMSD/GAK/ LRRK2 homozygotes or transheterozygotes) carried two or more of such variants within the GWAS-linked genes (Supplementary Material, Table S6 ). However, most of the variants found in homozygotes or transheterozygotes are exonic variants located close to the exon-intron junctions (within 1 -2 bp), and their effects on splicing will have to be further verified.
DISCUSSION
This is the first study where the coding sequences of all the 39 known PD-related disease genes were comprehensively analyzed in a large number of PD samples using next-generation sequencing and genotyping analyses. We have demonstrated that rare non-synonymous variants of LRRK2 showed significant enrichment in both early-and late-onset PD patients, confirming their influence on the risk of PD. However, no significant enrichment was found for the other PD disease genes identified so far by linkage and GWAS analyses, although moderate enrichment was observed at a few other genes, such as GBA, MCCC1 and FGF20. Overall, no significant differences were observed between Chinese and Koreans across all the gene-based and grouped analyses we performed (Breslow-Day test, P het . 0.05). Non-synonymous-coding variants of known PD disease genes appear to make limited or moderate contribution to PD risk. Consistent with our findings, Hunt et al. (21) reported that rare coding variants at 25 genes within known loci for autoimmune diseases had negligible impact on common autoimmune disease susceptibility in a large-scale sequencing and genotyping analysis of 41 911 subjects. Despite a larger sample size, there was still no evidence that non-synonymous variants within known genes could account for the observed GWAS signals, or that rare non-synonymous variants within genes linked to these loci influenced disease risk. Our study also suggested that common (MAF .5%) or low-frequency (1-5%) non-synonymouscoding variants of susceptibility genes within GWAS loci are unlikely to account for the observed association signals within those loci (through direct tagging or synthetic associations), and these association signals are more likely due to non-coding mutations of regulatory elements (16, 17) , including untranslated regions and intronic or intergenic transcription factor-binding sites, which are yet to be revealed through fine-mapping analysis in larger clinical samples.
With our current sample size, we estimate we had 80% power to identify a gene with OR ¼ 1.3 if rare risk variants are present cumulatively in 10% of the population, OR ¼ 1.9 if rare variants are present in 1% and OR ¼ 3.75 if rare variants are present in 0.1% (18) . Our study has mostly confirmed that none of these linkage or GWAS genes had effects and frequency of variants comparable with that of LRRK2, but we have limited power to detect those with smaller effects and/or lower cumulative frequency of rare risk variants in the population. Based on our data, we estimate that the fraction of variation in risk explained by rare coding variation in LRRK2 is 1% in early-onset PD and 0.6% in late-onset PD and is expected to be much lower in other individual genes. We also estimated in a stepwise regression model (with PD risk encoded as 0 and 1) entering all rare coding variation in these 35 genes that, after LRRK2 variants G2385R and R1628P are forced into the model, the remaining rare variants explain not more than another 1% of PD risk in our dataset (total 2% in early-onset PD and 1.4% in late-onset PD). It is, however, interesting to note that our study revealed evidence for early-onset patients to carry two or more non-synonymous-coding variants of the familial and GWAS PD disease genes as a group, but such enrichment was not observed in the late-onset patients. Caution is needed when comparing the early-and late-onset samples, since there are additional rare variants in the late-onset samples that will be missed because they were genotyped at specific positions rather than sequenced. Nevertheless, our existing data may suggest that early-onset PD patients suffer a higher 'mutation load' than late-onset PD patients, which is consistent with the reported stronger genetic risk for early-onset compared with late-onset PD (4). It is also interesting to note that non-synonymous mutations, particularly loss-of-function variants of known pathogenic autosomal dominant disease genes, such as LRRK2 and SNCA, were identified in healthy controls, and some healthy controls were found to carry more than one mutation in these genes (Supplementary Material, Tables S2 and S3). These variants are likely to cause disease in compound heterozygote or homozygous form, or when inherited with risk variants in other genes. It is likely that compensatory or modifier mutations (within these genes and others yet to be identified) modulate the penetrance of deleterious variants in these known pathogenic PD genes. This will confound risk prediction based solely on currently known disease genes.
In summary, we have shown that, apart from LRRK2, nonsynonymous variants in other known PD-related disease genes make only a small contribution to PD risk and thus provide limited information for risk prediction and molecular diagnosis, at least in the East Asian population. Nonetheless, our study identified a few genes that show modest association with deleterious variants and their biologic relevance should be further investigated. We anticipate that the investigation of coding variants, even the rare ones by burden tests, can still implicate novel disease susceptibility genes and thus provide new biologic insights into the pathogenesis of PD. To discover novel genes and coding variants influencing PD risk by whole-exome or genome sequencing, large numbers of cases and controls will be needed.
The limited contribution of rare non-synonymous variants revealed by our study could also be due to the fact that only a fraction of the non-synonymous-coding variants studied here are pathogenic. We cannot be certain which mutations are truly pathogenic without biochemical and clinical data. Without a sensitive and specific filter, the inclusion of non-pathogenic variants in the association test may mask the effects of the true pathogenic ones. New and accurate prediction algorithms and/or biochemical assays will therefore be needed to distinguish deleterious from neutral non-synonymous-coding variants (22) . Nonetheless, we have examined mutations that are predicted to affect splicing or cause premature termination of the protein and thus have high likelihood of loss of function by affecting expression of the full length protein. These deleterious mutations do not show obvious enrichment in cases compared with controls. We observed overall enrichment of rare non-synonymous variants in LRRK2 in the cases compared with the controls, even after removal of known risk variants; we therefore expect that this approach, whether applied genome-wide or to well-selected candidates, may help to identify additional potential pathogenic genes with such enrichment. However, this may depend on other variables such as the total frequency of non-synonymous-coding variants and the fraction of these variants that are pathogenic. Intriguingly, rare non-synonymous-coding variants of the familial and GWAS genes appear to have an additive risk effect, particularly for early-onset PD, where significantly more patients carried two or more variants in the combined set of familial or GWAS genes compared with controls. An integrated analysis of known and newly-discovered genes based on fully annotated genomic data will be needed for medical sequencing to be truly informative in a clinical setting. Eventually, this will also further our understanding of complex diseases and help better stratify at-risk subjects for preventive drug trials.
MATERIALS AND METHODS

Selection of genes
We identified a total of 39 genes ( Table 2 ) that have previously been identified by linkage analysis and GWAS to influence PD risk, based on literature searches, the Online Mendelian Inheritance in Man (OMIM) database and National Human Genome Research Institute (NHGRI)'s Catalog of Published GWAS. The genes included 8 functionally validated familial genes and 33 reported susceptibility genes within the 21 GWAS loci that reached genome-wide significance (P , 5 × 10
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) in at least one of eight major GWAS and meta-GWAS (5 -12) . Four genes (SNCA, MAPT, LRRK2 and GBA) overlap between the two groups. We also examined two recently reported familial genes EIF4G1 and VPS35 whose pathogenic roles have not been fully functionally validated (13) (14) (15) .
Study samples
We analyzed 10 506 East Asian subjects from Singapore, Malaysia, Hong Kong and Korea. The 'early-onset samples' comprised of 375 early-onset (,55 years) PD patients (195 Chinese: age at sample collection: 54.1 + 7.4 years, age of onset 46.0 + 6.2 years; 65.9% males, 180 Koreans: age at sample collection: 52.1 + 8.4 years, age of onset 41.4 + 4.7 years; 47.8% males) and 399 elderly controls that have been verified to be free of neurologic diseases (219 Chinese: age at sample collection: 70.6 + 7.8 years, 62.6% males, 180 Koreans: age at sample collection: 75.6 + 3.5 years, 64.4% males) that matched the patients in term of gender distribution and geographic origin. The 'late-onset' samples comprised an independent collection of 710 late-onset (.55 years) ethnic Chinese PD cases (age at sample collection: 69.4 + 9.2 years, age of onset 65.3 + 9.3 years; 56.1% males) and 9046 population controls (age at Human Molecular Genetics, 2014sample collection: 50.5 + 13.2 years, 55.9% males) from Singapore, verified to be genetically matched to the cases by principal components analysis (Supplementary Material, Fig. S1 ). This study was approved by the ethics committees or institutional review boards of the respective institutions.
Sample sequencing
To sequence all the exons of 39 PD-related disease genes, we performed targeted enrichment and sequencing of the 774 samples (375 early-onset PD patients and 399 controls) by sequence capture using the Agilent SureSelect All-Exon v1 kit (18 cases and 17 controls), Nimblegen SeqCap EZ Exome v2 (81 cases and 82 controls) or Nimblegen SeqCap EZ Choice ,7 Mb (276 cases and 300 controls). Captured DNA libraries were sequenced using the Illumina GA II or HiSeq 2000 instrument using 2 × 76 or 2 × 101 bp read lengths. To control for batch effects caused by using different platforms, we took the following measures in the downstream analysis: (i) ensuring equal resequencing of cases and controls in each batch to guard against ascertainment bias; (ii) excluding variant calls at positions with ,5× coverage across .90% of all samples; (iii) only analyzing genes that are well represented by probes and sequence reads in all the different arrays and batches of samples; (iv) using a standardized method for read alignment to the Hg19 reference genome, SNP/indel calling, filtering and annotation across all samples. Across all the sequenced samples, a high depth of coverage was obtained at the coding exons of the 39 genes analyzed in this study, with mean depth of coverage of 75× and an average 94.0% of the target bases (87.3 kb) covered by 10 or more reads in each sample. The coverage is similar between the cases and controls (e.g. average 94.2 versus 93.6%, respectively, covered by 10 or more reads in each sample), hence we do not expect coverage differences to introduce major biases in the analysis.
Reads were aligned to the reference genome (Hg19/Build37) using BWA (23) . After removal of PCR duplicates (Picard), we performed realignment and recalibration followed by multisample SNP and indel calling and filtering with the Genome Analysis ToolKit (GATK) Unified Genotyper in accordance with 'Best Practices for variant calling v3 ′ ' recommended by GATK (Broad Institute) (24) . Genotypes at positions covered by less than five reads or with quality scores ,20 were set to missing; we only analyzed positions with genotype calls in .90% of the samples. Samples with excess number of variant calls indicating contamination were excluded from the analysis. Selected variants were visually inspected for proper read alignment in their respective samples using the Integrative Genomics Viewer (IGV) tool (25) .
Sample genotyping
Genotyping of the 9756 samples of the late-onset cohort was performed using the Illumina Infinium HumanExome BeadChip (v1.0) Exome_Asian array, with customized add-on content enriched for rare, recurrent (found in .1 sample) variants detected by whole-exome sequencing of a subset of the early-onset PD samples (99 cases and 99 controls from Singapore). We performed standard QC filtering (99% call rate, Hardy -Weinberg P . 10
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) across all genotyped variants. To ensure that there was no bias resulting from differences in the sequencing and genotyping platforms, we checked genotype concordance of 117 variants in 103 samples with early-onset PD that were also genotyped on the exome array together with the samples from the late-onset PD dataset. About 100% concordance was observed between sample genotypes obtained by sequencing and genotyping at all but two of the rare variant positions (each with only one discordant genotype).
Statistical analyses
Single-variant analyses were performed using two-tailed Fisher's exact tests or logistic regression tests (PLINK) (26) and common non-synonymous variants with MAF .1% in the late-onset samples (710 cases and 9046 controls) and .5% in the early-onset samples (375 cases and 399 controls), since statistical power to detect variants with OR of 2 below these frequencies with the current sample size was limited (,60% at a ¼ 0.001) (18) . For gene-based tests, we focused our analysis on rare non-synonymous-coding variants (missense, splice, nonsense and frameshift) present in ,5% of 1000 genomes and HapMap Europeans and Asians and ,5% in our 399 controls of the early-onset cohort. Despite good sequencing coverage, no rare variants were found in four genes. In each of the remaining 35 genes, we compared the number of carriers of such variants between cases and controls using two-tailed Fisher's exact tests (within each sample collection) or CochranMantel -Haenszel (CMH) tests for joint analysis across Chinese and Korean samples, and also across the early-and late-onset sample collections. For the CMH tests, we analyzed each dataset separately using all available variants that passed quality control and combined the statistics across independent datasets. We focused our analysis on the identification of genes where rare variants had a combined risk effect (i.e. enriched in cases compared with controls). We also assessed heterogeneity of effect sizes across the sample collections using the Breslow -Day test. In the gene-based tests, we estimate that we had 56 and 100% power (a ¼ 0.001) to detect genes with rare variants in 5% of samples and minimum overall OR ¼ 2 in the sequenced and genotyped samples, respectively, and 72 and 100% power to detect genes with rare variants in 2% of samples and minimum overall OR ¼ 3 in the sequenced and genotyped samples, respectively (18) . SKAT-O tests were performed using R scripts from Lee et al. (20) . Statistical analyses were performed using IBM SPSS Statistics 20. We used the Condel tool (19) for functional prediction of missense variants, combining scores from PolyPhen (27) , SIFT (28), PhyloP (29) and MutationTaster (30) to calculate a weighted score, and classifying variants as deleterious if they had a score of .0.605 (cut-off determined based on the training dataset provided) (19) .
